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Abstract technique, we have stacked and cooled in excess of

Recenﬂy, | deve|oped a new beam stacking scheme &)SdeZ antiprotons. However, the disadvantages of the
synchrotron storage rings called "longitudinal ghapace Methods used in the Recycler so far are that apoh
coating" (LPSC). This scheme has been convincingBgam is significantly disturbed every time a nevarhes
validated by multi-particle beam dynamics simulasio added and b) the momentum spreads of the new bedm a
and has been demonstrated with beam experimetite atthat of the cold beam have to be matched eachlefere
Fermilab Recycler. Here, | present the results flosth Merging. In the case of multiple beam transferg th
simulations and experiments. The beam stackingnseheoverall emittance growth is as high as 50%.

presented here is the first of its kind. In this paper | present a new scheme of beam stacki
“longitudinal phase-space coating” [8]. The 6D earte
INTRODUCTION of the cold-beam (original beam) can be kept unghdn

Considerable progress has been made over the tgear
develop improved methods for beam stacking i
synchrotron storage rings. The methods of beankisigic
are broadly categorized into &px-car stacking [1], b)
transverse and longitudinal phase-space paintiRSR)
[2] and ¢) momentum stacking and cooling [3]. Eath
these methods uses resonant rf systems (except the PRINCIPLE OF LPSC
transverse phase_space pa|nt|ng) and has its nsards The method of LPSC eXplained here is different from
limitations. The Recycler Ring at Fermilab [4], &GeV LPSP explained in the literature [2]. LPSC can lesved
antiproton storage ring, usearrier rf technology [5] in @s reverse of “longitudinal phase space mining’ [Bje
all of its beam manipulations, unlike any previgustilt ~ Principle of LPSC is illustrated schematically irgéire 1
storage rings. Therefore none of the methods ofmbedVith the assumption that the beam energy is belosv t
stacking mentioned above can be used in the Recydeansition energy of the synchrotron.

R|ng without major rf modifications. The principal goal of the LPSC is to coat the |m

Currenﬂy’ the Recyc|er is used as the primarwmotbn beam on the 2D-surface of the Original beam. Thﬂlng
depository at the Fermilab accelerator complex.imdur takes place in4E,4t) -space.
normal antiproton stacking, ~20xf0antiprotons with ~ The LPSC comprises of four steps. In the first steg
total longitudinal emittance (LE)<13 eV s are extealc original beam is captured in a barrier bucket maglef rf
from the Fermilab Accumulator Ring and injecteditite  pulses “1” and “2” as shown in Figure 1(a). At tBisge
Recycler. The new beam is added to the initihdl beam  the bucket area is significantly larger than tharbephase
which resides in another rectangular barrier buakeéhe space area. Next the beam is captured in a snimltdet
Recycler. This sequence of beam transfer is regeafgnade of barrier pulses “3” and “4” as indicatedrigure
several times a day until the Recycler stack hamigm 1) with area exactly equal to that of the beamegiby,
antiprotons to fill the Tevatron for collider opgoam. The &, =ATAE, +T0‘,7‘AEm3 165 E,eV,)

entire stack of the Recycler is cooled using etectr . .
. ) . wheredT, A€, To, 7, Eo, andV,are barrier separation of
cooling and stochastic cooling methods between thic mini-bucket, bucket height of the mini-buckeeam

antiproton transfers. revolution period, slip factor of the storage ririggam
Over the past several years, a number of improvesnen P » S1P 9

have been made in antiproton stacking schemes[Bie synchronous energy and the amplitude of the barrier

Recycler. Recently, we implemented a scheme whi%ﬁlse' respectivelye is the charge of an electron and
involves themorphing of barrier rf pulses [7]. In this v/c for the beam. Thus, there are two barrier buckets,

scheme, the two closely spaced barrier pulsesdifite one inside the other, with the inner bucket cormtarihe
the bou’ndary between the newly injected beam aad tf:]ntire beam. This implies that the original bearképt at
dense cold beam are made to disappear by reduég | lower potential relative to the newly injectecaiye so
widths slowly and symmetrically in order to mininaiz that the bottom of the potejn_nal of the new beatai\_mays
emittance growth due to unstable region between t vel with th.e top of.the original peam as showrlF'lglure
pulses. The emittance growth observed by this ndetso b). The third step involves coating the top & driginal

0 . . L eam with the new beam by removing barriers “2” and
as low as about 15%. Since the implementation isf tf{js,, adiabatically (by either lowering the voltage by

* Work supported by Fermi Research Alliance, LLC ur@entract morphing). The final step is to compress the beam
No. DE-AC02-07CH11359 with the U.S. Department of Energy adiabatically by bringing barrier pulse “6” to tpesition
cbhat@fnal.gov of “2” as shown in Figure 1(d) so that more beam ba

he emittance growth for the rest of the beam isimmél.

his novel technique depends crucially on the abdity
of barrier rf system. The beam stacking illustratede is
carried out using rectangular barrier buckets.

i;)r any number of transfers the storage ring allans




injected.  With this approach, one can completelyarabolic or an elliptical distribution in théE—coordinate
eliminate LE growth. and a random distribution in thelt—-coordinate, no
emittance growth is observed. But with a Gaussian

Dense Reg | distribution in the AE—coordinate, a small emittance
RF Voltage & <59, .
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Figure 1: Schematic view of beam stacking by LPB@@ < -10 | s vy
i . 95% Contour
phase space and potential diagrams are shown &y ev 20
stage of stacking: (a) original beam, (b) afterteepg 0 2 4 & 8
the original beam in a mini-barrier bucket and dtijen of Time (us)

a new beam, (c) first stage of coating of the nearb on

top of the original beam and (d) after coating. The

rectangular voltage wave forms are also shown gheafigure 2: Comparison of MC simulation with the

case using solid lines. The horizontal line indésatime Measured data for the initial beam before any cdats

axis in each case. denser region of the initial beam occupying ab@&.e® s

of the longitudinal phase space is captured usingra:

One can think of many variations of the methodparrier bucket. The rest are in the bigger bucfegt\Wall

explained above. For example, only the dense regfon current monitor, (b) Schottky detector. The bluel aed

the initial beam can be captured and coat the neamb traces are, respectively, experimental data and MC

after mixing with the rest or/and increase the heaf the ~simulations. () The MC generated longitudinal ghas

mini-bucket every time after Coating the new beamn tSpace distribution of the beam with 95% contour.

capture a part or in full of the new beam, etc. ) ) _ )
The experiments were carried out in the Recyclargus

DEMONSTRATION proton [8] as well as antiproton beams. Here Isillate

We have demonstrated the LPSC scheme descrilfng(;aa;Cheme with an experiment done using the andpr

above in the F_e_rm|lab Recy_cler. The Recycl_er opsrat About 2.6x18 antiprotons were stored in a
below the transition energys(= 21.6) and ha$,= 11.12 . .

sec. The antiproton/proton beam can be stacked aregtangular barrier bucket of ~5i@sec in Iength and
Hsec. 1N ; . CGoled to a LE ~ 7047 eV s (95%). The barrier pulse
stored azimuthally using barrier buckets made qiutbes idth and litud h to be 0s%and 1.8 KV
of 2 kV each. The testing of the LPSC has beeriechr Wi atf‘ lam_ﬁ: ude V.\lletr)? cbosl((ant 0 e@sd%é. o
out in two steps: (i) a computer simulation usingME tr)espec tl)ve )k/ ¢ e aviuzgoevuc ed T7ea5 ?An Vv cghlh|s
[10] with the Recycler machine parameters to vadidae ﬁl‘l‘lel’ uc ?bweliet f € ~36%n V‘d' 0 (;2’;3%?[
concept and facilitate the experiment, and (i) ‘' & MINI-DUCKEL Of area eVvY%, £0. » puise

idth~0.25usec andAT~5.4 usec) was opened to capture

experimental demonstration of the technique. bout 94% of the beam The initial line.charge
The computer simulations using an ideal beam partica 0 ' 9

distribution showed all of the features of the ktag diStribution and the Schottky data (energy distitim) are
process. For example, for particles populated wth Shownin Figures 2(a) and (b), respectively.



Next, the new beam was added to the initial stack standard distributions (e.g., black traces in Fegug(b)
three successive transfers with about 7+1, 8+1 anceY+1 and 3(b) show Gaussian distributions obtained with

s (a total of 22+2 eV s) with 14x1) 9x1d° and 5x 16

standard deviation = measured RMSW). The LE (95%)

antiprotons each, respectively, using the LPSC atkth for the initial beam and that after beam coatings a
The data taken at the end of all transfers are shiow estimated from the correspondingEAt) —phase-space

Figures 3(a) and (b).
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distributions by drawing “95% contours” which erdbe
95% of all the particles. Such contours are shdmwn
Figures 2(c) and 3(c). Thus, the measured LE(ljitia
707 eV s and LE(final)= 100£10 eV s. This implibat
there is an overall LE growth of <10% after addif
eV s to the initial beam.

In summary, | have proposed and validated a novel
beam stacking method in hadron storage rings. The
method was studied using multi-particle beam dyeami
and was demonstrated experimentally in the Recytler
adopted the MC method to extract the LE (95%) ftbm
data.

As a note, | was able to produce longitudinal hello
beams as one of the spin-offs of these experimeiish
may have broad applications in beam dynamics sudie
Further, an intermediate step of the technique anet
here, (see Figure 1(c) which was caltdpound bucket
in ref. 12) led to significant research in imprayibeam

cooling in the Recycler.
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Figure 3: Comparison of MC simulation with the
measured data for the beam after coating threestime
About 94% of the initial beam occupying ~ 66 eVss i [2]
still in the mini-bucket. The final emittance messiiby  [3]
using the MC method is also shown. The descriptions
three plots and the traces are the same as ineFyur

The barrier pulses used for this experiment were no
exactly rectangular in shape. Hence, the LE carot
estimated using standard analytical formulae (kee2f’
ref. of [8]). Consequently, | used a beam Montel€Ca [4]
(MC) method [11] to estimate the LE at differerstgéts of [5]
stacking.

The MC calculations were carried out using ESMHE6]
within the realm of single particle beam dynamithe [7]
beam particle distributions in4E,4t) —space were fine-
tuned until the MC predictions converge to the meaes [8]
data. The red curves in Figures 2(a) and 2(b) shigv
predictions for the initial beam after opening tméni-
bucket. The results of similar MC analysis for tteam [9]
after three coatings are shown in Figures 3(a) &({wl. [10]
The difference between root mean square width (RMSW
for the experimental Schottky spectrum and the MEl1]
predicted energy spectrum is <3%. The study shibats [12]
the energy distributions of the antiproton beamled
using e-cool and stochastic cooling deviate frony an
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